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ABSTRACT 

Deuterium content, microparticle concentration, ice 
crystal size and bubble concentration have been studied 
along an 82 m ice core drilled down to the bedrock in the 
ice-sheet margin in East Antarctica. The Last Glacial 
Maximum (LGM) is distinctly marked by low deuterium 
content, high concentration of microparticles , small ice 
crystals and high bubble concentrations. This core covers a 
significant part of the Last Glacial Period with ice from a 
warmer period recovered around a depth of 60 m. 

INTRODUCTION 

A large number of ice cores have been recovered for 
studies of the past evolution of climatic, environmental and 
atmospheric conditions in Antarctica. Ice cores have also 
been recovered from marginal areas of both the Antarctic 
and Greenland ice sheets (Lorius, 1968; Lorius and others , 
1968; Merliva t and others, 1967; Lorius and Merlivat, 1977; 
Budd and Morgan , 1977; Grootes and Stuiver, 1986, 1987; 
Clausen and Stauffer, 1988). So far, the interpretations of 
these marginal cores have mainly been based on iso tope 
content and limited to the transition from the LGM to the 
Holocen e because of the complicated situation in the margin 
ca used by dynamic and non-dynamic processes. 

The present paper deals with a study of the "Caroline" 
marginal ice core, in the vicinity of Dumont d'Urville 
Sta tion (66 °40 , S, 140 °0 I' E), Terre Adelie. Mean annual 
temperature is of the order of -10 0c. Other cores have 
already been recovered in this area, i.e. from the coast 
inland , G I, G2 (Meriivat and others, 1967), A3 (Lorius and 
others, 1968) and DID, a 303 m-deep core drilled 5 km 
from the coast during the 1973-74 summer (Lorius and 
Merlivat, 1977) . The Caroline core was recovered near GI 
about 500 m from the coast, in January 1987. It reached 
bedrock and had a length of 82 m. No cracks were found 
in this core. The lowest 6 m near bedrock is rich in pink 
debris , salt and sand . 

The objectives of the Caroline drilling were twofold: 
(I) to better understand through a compariso n between 
se ries of cores drilled in a marginal area the ice dynamics 
and the long-term ice dynamics~lilllate interaction for such 
a region; (2) to document the possibility of obtaining easily 
accessible glacial ice in large amounts as required by some 

analyses of trace species . For these two purposes the drilling 
of the core was supplemented by a series of surface 
transects. Easy access to basal ice opens the possibility of 
applying isotopic and other methods for studying processes 
occurring at the glacial bed (louzel and Souchez, 1982; 
Souchez and others, 1988). 

In this paper, we focus on data obtained along the 
82 m core. Our strategy was to apply a full spectrum of 
methodologies to study this marginal core and to compare 
the paleoclimatic and paleoenvironmental records with that 
of the Dome C and Vostok deep ice cores drilled on the 
Antarctic Plateau . Here we successively present and discuss 
the continuous isotopic profile (deuterium content) and data 
rela tive to microparticle concentration, ice crystal size and 
bubble concentration . 

EXPERIMENTS AND RESULTS 

The ice core drilled in January 1987 was transported in 
April 1987 to Grenoble at a temperature around -15 °C and 
stored in a cold room . Ice crystal measurements were made 
immediately after the ice core was transported to Grenoble . 
Bubble concentrations were measured from thin sections. 
Microparticle concentrations were then measured by Coulter 
counter and optical counting methods. Isotope content 
measurements (deuterium) were processed at LGI/ Saclay. 

Deuterium isotope record 
Samples for iso tope content analysis were prepared in 

the field by cutting continuous slices along the ice core. 
The slices were then cut into samples of about 40 cm, 
which were kept frozen until measurement to prevent 
evaporation. 

Although 180 is generally used in glaciology studies, 
l ouzel and others (i 987) have proposed that the deuterium 
isotope is a slightly better indicator of temperature change 
than 180. In the present paper, the results are presented in 
deuterium content expressed in parts per mil with respect to 
Standard Mean Ocean Water (SMOW). The deuterium profile 
is reported with respect to depth on Figure I b; on 
Figure 2a a smooth curve (obtained using a spline function) 
is superimposed on this profile. The following features are 
obse rved . 

From the ice surface to the depth of 21 m, the 
deuterium isotope content fluctuates between -130%0 and 
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Fig . I. Deuterium content profiles from the marginal area 
in Terre Adelie (East Antarctica) with respect to depth at 
G I (Merlivat and others, (967), Caroline (this work) and 
DIO (Lorius and Merlivat, (977). 

-155 %0. There is a gradual marked decrease towards a value 
of about -250%0 near 39 m. The deuterium content then 
decreases abruptly down to -345%0 at 42 m and continues to 
decrease to -356%0 around 45 m. Below 48 m the deuterium 
content follows a steadily increasing trend and reaches a 
value of about 288%0 at 63 m. This secondary maximum is 
also followed by a relatively sharp decrease to -373 %0 (the 
lowest deuterium content) at 67 m, and then followed by 
values around -360%0 down to the core bottom. 

Along this profile, several stages can be distinguished: 

(A) present stage with a mean deuterium isotope content of 
146%0: 
(B) low isotope content stage between 40 and 50 m with an 
average isotope content of -350%0: 
(C) High isotope content stage between 60 and 64 m with 
an isotope content of -294%0: 
(D) the stage with the lowest isotope contents, between 
67 and 71 m, with an average isotope content of -363%0. 

For the sake of comparison, deuterium profiles at G I 
(Merlivat and others, 1967) and D I 0 (Lorius and Merlivat, 
1977) are reported on Figure I with respect to depth. As 
may be expected given the short distance between these two 
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Fig. 2. Measured parameters along the Caroline ice core 
with respect to depth: (a) deuterium content (a smooth 
curve is superimposed on detailed curve); (b) microparticle 
concentration; (c) crystal size; (d) bubble concentration. 

cores (less than 200 m), G I and Caroline deuterium profiles 
present strong similarities. A noticeable difference is the 
presence at the bottom of the G I core of an 
isotopically-rich layer with a deuterium content close to that 
of sea water which is Quite certainly due to basal freezing 
of sea water (Merlivat and others, (967). In both cores, the 
transition from high (at the top of the core) to low isotopic 
values occurs in two stages. This morphological feature is 
observed also (but for different depths) in the DID core. In 
the line of previous interpretations of GI, G2 and DIO 
isotopic profiles (Lorius and Merlivat, 1977; Raynaud and 
others, 1979; Grootes and Stuiver, 1986, (987) , one can 
safely assume that the low values recorded around 45 m in 
Caroline correspond to ice accumulated during the Last 
Glacial Maximum (LGM) about 18000 years ago. As 
discussed below, this assumption is fully confirmed by the 
present multiparametric study performed along the Caroline 
core. 

Micropartic1e data 
Fifty samples were measured (approximately one ice 

sample every 1.5 m along the ice core). The sample 
preparation followed the procedure described by Thompson 
(I 977) and Petit and others (1981) with special care to 
avoid contamination since the ice in the marginal area is 
very clean. There are several sources of contamination in 
the laboratory. Among these possible sources , DFW 
(de-ionized filtered water) and NaCI solution contamination 
are the most serious. To avoid such contamination, the NaCl 
solution was filtered several times with filters of 0.22 ILm in 
diameter (the micro particles to be measured are larger than 
0.4 ILm) . The DFW supply was checked by a blank each 
time before rinsing samples . Even so, some samples were 
still contaminated . The contaminated samples were removed 
after checking under an optical microscope. The prepared 
samples were measured individually with a Coulter counter 
and optical counting, as discussed in detail in Mounier 
(1988). The results were obtained by measuring the total 
number of microparticles larger than 0.4 ILm and the volume 
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distribution, by Coulter counter. The total number was also 
determined by optical counting, which, although limited to 
microparticles larger than 0.5 j.Lm, provides a useful check of 
the contamination and the Coulter counter results. Figure 2b 
shows the total number of microparticles. The microparticle 
concentration is very low from 10 to 39 m with an average 
number of 3900 g- l and with the lowest value of 400 g- l 
near the surface. Between 40 and 46 m, there is a 
microparticle concentration peak followed by a sharp 
decrease from 46 to 54 m. There is another strong peak at 
55 m. These two well marked peaks centered around 43 and 
55 m are also detected in the curve of volume distribution 
(not shown). 

Studies of micro particle concentration carried out on 
Antarctic ice cores have shown secular variations in relation 
with climate (Thompson and Mosley-Thompson, 1981; Petit 
and others, 1981) with low concentration during warm 
periods (e.g. Holocene) and high values during cold periods 
(e.g. LGM). The non-soluble microparticles are thought to 
be mainly representative of the small sized fraction 
(r -I Ilm) of the dust produced by the arid and semi-arid 
areas of the three continents of the Southern Hemisphere 
(Petit and others, 1981; Briat and others, 1982; Gaudichet 
and others, 1986). The high concentration of dust found 
during the LGM would be the result of the continental 
aridity expansion coupled with wind speed over desert areas 
and meridional transport efficiency of the atmospheric 
circulation (Petit and others, 1981). 

Published data are generally limited to the last stage of 
the Last Glacial Period. So far, only the Vostok ice core 
extends back to the previous interglacial period. The profile 
of the dust displays two high peaks: one corresponding to 
the LGM and the other around 60 ka B .P. (De Angelis and 
others, 1987; Legrand and others, 1988; Mounier, 1988). So, 
assuming that the variation in micro-particle concentration 
followed the same general features over all of Antarctica, it 
is, in the Caroline ice core, reasonable to attribute the peak 
at the depth of 43 m to the LGM and possibly the second 
peak at a depth of 55 m to the peak around 60 ka B.P. in 
the Vostok ice core. Although the microparticle 
concentration record on Figure 2b is preliminary, the 
bottom of the Caroline core (below 55 m) could be older 
than 60 ka B.P . if the dust profile is confirmed. 

Crystal size 
Crystal size determination generally involves measure

ments of either the diameters or cross-sectional areas of ice 
crystals. Of several methods applied to the studies of ice 
crystals , the most popular appears to be the computation of 
cross-sectional area of crystals (expressed here in mm2) in a 
specified area on photographs of thin sections taken under 
cross-polarized light (Duval and Lorius, 1980; Young and 
others, 1985; Xie, 1985). At least 100 crystals were 
measured for each thin section in this study. In some parts 
of the ice core, crystals were so large that it was impossible 
to count 100 crystals on one thin section. In this case, 
another thin section was cut 10-15 cm from the first one. 

A diagram of crystal size versus depth is shown on 
Figure 2c. The size first increases with depth from 13 mm 2 

at 20 m up to 37 mm 2 at 38 m. Then a clear sharp decrease 
occurs between 38 and 43 m where the crystal size is only 
12 mm 2

. Between 43 and 60 m, crystal size maintains a 
value of about 12 mm 2. Below 60 m, crystal size varies 
between 20 mm2 and very large values up to 85 mm 2. 

Obviously the 38 to 43 m transition corresponds also to the 
rapid change in the deuterium profile. 

Several explanations have been proposed to explain the 
fine-grained texture of glacial ice and the causes have not 
yet been clarified (Gow and Williamson, 1976; Koerner and 
Fisher, 1979; Duval and Lorius, 1980; Herron and Langway, 
1982; Herron and others, 1985; Young and others, 1985). 
Gow and Williamson (1976) suggested that the fine-grained 
structure in the Byrd ice core could be due to strong shear 
deformation. Xie (1985) found that at Law Dome the 
fine-grained structure (with a single maximum fabric) was 
developed under the influence of the horizontal shear stress 
increasing with depth. Koerner and Fisher (1979) considered 
in the Devon Ice Cap that the crystal size was related to 
impurity changes. 

The effect of microparticles, bubbles and impurities on 
grain growth has been very well analysed by Alley and 

others (1986a, b). Nevertheless, in the Dome C ice core the 
very close correlation between isotope content and crystal 
growth rate suggests that ice dynamics do not play an 
important role. Petit and others (1987) concluded that 
growth rate is mainly driven by a "built-in" memory of the 
temperature prevailing at the time of crystal deposition. 

But in the Caroline core the grain growth process, as 
driven by the grain boundary energy, should not be invoked 
since the strain energy is probably high in comparison with 
the free energy at the grain boundaries. In consequence the 
paleoclimate information deduced from variations in the 
crystal growth rate by Petit and others (1987) cannot be 
applied here . So, in Caroline, the 38 to 43 m change in 
crystal size which corresponds to the Last Glacial to 
Holocene transition, is possibly due to a combination of the 
effects of the "built-in" memory and strain energy. 
Obviously, the deepest part of the core is even more 
complicated since the very large crystals at this depth could 
signal zones of dead ice or a recrystallized zone. 

Bubble concentration 
Bubble concentrations were measured from photographs 

(xIO) of thin sections. Thin sections for bubble studies were 
prepared in a cold room in a similar way to the 
preparation of thin sections for crystal measurements. The 
thickness of each thin section was generally about I mm. In 
a given area of the thin sections at least 100 bubbles larger 
than 0.1 mm were measured. The thickness of the sections 
was measured in four planes in order to get a bubble 
concentration per volume of ice. 

The profile is shown in Figure 2d. From 10 to 50 m 
there is a general increase and the concentration varies from 
200 up to 630 cm-3

. Below this depth, the concentration 
is 200 cm-3 around 63 and 73 m. It is interesting to note 
that the maxima in bubble concentration occur for ice 
formed under glacial conditions. However, the sharp 
transItIOn from Last Glacial to Holocene observed for 
isotopes, microparticle concentrations and crystal size profiles 
is not observed in the bubble concentration profile. Bubbles 
in polar region ice sheets are formed by the entrapment of 
atmospheric air between snow flakes during the process of 
accumulation . Since air bubbles become isolated from the 
atmosphere only during the transition from firn to ice, firn 
temperature, grain size and snow accumulation rate must be 
important factors in the relationship between bubble 
concentration and climate. However, recrystaJ(jzation could 
hide the original bubble concentration. This is probably true 
in the Caroline core deeper than 63 m, where ice could be 
dead and very old. 

DISCUSSION 

We will focus the discussion on the ensemble of results 
obtained along the Caroline core and particularly on the 
climatic transition from the LGM to the Holocene and on 
the relatively warm period recorded prior to the LGM 
(between 60 and 64 m). 

Figure 2 displays the clear relationship between climatic 
change (indicated by deuterium content) and ice physical 
properties. From 39 to 44 m, where the deuterium content 
decreases abruptly, microparticle concentration increases from 
6000 to 20000 g-l, ice crystal size decreases by a factor of 
more than three but bubble concentation is still increasing. 
Between 50 and 60 m, the deuterium content shows a 
gradual slow increase, ice crystal size maintains the same 
value, microparticle concentration exhibits a peak at 55 m 
and bubble concentration decreases below 51 m. 

In coastal sites like G I, Caroline and D I 0 (Fig. I), we 
expect to find with depth a continuous sequence of ice 
originating from increasing distances from the coast and 
successively higher elevations. The constant deuterium values 
observed in the upper part (down to 20 m in Caroline) are 
due to the constant deuterium value observed from the 
coast to about 30 km upstream of the drilling site (Lorius 
and Merlivat, 1977). The first stage characterized by a 
gradual deuterium decrease (from 20 to 39 m in Caroline) 
still corresponds to ice accumulated during the Holocene 
period, as supported by the ice crystal size increase with 
depth and the absence of significant variation in the micro
particle concentration. The deuterium decrease is essentially 
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of dynamic origin from further inland, higher and therefore 
colder origins with increasing depth. This should hold also 
for bubble concentration variation . 

The amplitude of the deuterium shift associated with 
the second stage marked by a rapid deuterium decrease 
(75~ at Caroline between 39 and 41.5 m) is larger than that 
recorded at Dome C and Vostok, which is about 60~ 
between full glacial conditions and the Holocene period. In 
these two sites located on the central Antarctic Plateau this 
isotopic shift is interpreted as being essentially of climatic 
origin, i.e. corresponding to a surface temperature change of 
9

0 
C (Jouzel and others, 1987, 1989). An additional shift, 

recorded in coastal areas, is linked with the change in the 
origin of the ice between the LGM and the Holocene but 
also with concurrent lowering of the ice sheet. Although 
there is some debate in terms of a quantitative 
interpretation based on DIO data (Raynaud and others, 1979; 
Grootes and Stuiver, 1987, 1988; Jouzel and others, 1989) it 
is well accepted that in this coastal area the ice cap was 
thicker during the LGM than during the Holocene. The 
isotopic data available on Caroline do not permit us, at the 
moment, to assess this particular aspect. New information 
with respect to that deduced from DIO results and this 
point will not be discussed further in the present article. 

Relatively high deuterium values accompanied by large 
ice crystals at 63 m, low micro particle concentration and low 
bubble concentration are recorded in the Caroline ice core 
between 60 and 64 m. There are two possible explanations 
for this feature . One possibility is that the ice here was 
deformed by dynamic processes such as shearing, folding or 
thrusting which may result in an inversion or repetition of 
isotopic stratigraphy. The other possibility is that this 
feature may be from a warm period prior to the LGM. 
The following factors lead us to favour the second 
possibility: 

(A) Deuterium contents in the two transitIOns from 39 to 
41.4 m and from 63 to 67 m are different in value, which 
means that this feature is not a consequence of the 
inversion or repetition of isotopic stratigraphy caused by 
dynamic processes. 
(B) The bubble concentrations measured in the Caroline ice 
core indicate a difference between the Holocene and this 
stage between 60 and 64 m, which also contradicts the 
assumption of dynamic inversion or a repetition process. 

On the other hand, difficulties exist in trying to attribute 
this stage firmly to a given period. According to our 
interpretation of the dust peak at 55 m corresponding to 
-60 ka B.P., this Caroline stage would fit well with Vostok 
interstage E dated from 73 to 106 ka B.P . (Jouzel and others, 
1987). Discontinuities in the ice sequence or much older ice 
are also quite possible. For example, such discontinuities 
may occur due to ice-sheet thinning. During warm periods 
when there is an intense thinning in the margin of the ice 
sheet, stagnant ice may be formed . The stagnant ice is 
covered by a slight thickening and readvance of the ice 
sheet. In this case, discontinuities could be formed. Some 
large pink particles were found at between 55 and 75 m 
depth, possibly the consequence of a dynamic process. 
Indeed, moraine was found in the DIO ice core which 
indicated the appearance of a dynamic process. 

No moraine exists at the depth where pink particles 
were found in Caroline ice core, but still the possibility of 
ice-sheet thinning may be considered . Suppose that during a 
warm period, intense ice-sheet thinning occurred and that 
some parts of the bedrock, currently under ice, were 
exposed to the atmosphere because of the retreat of the ice 
sheet margin. The big pink particles on the bedrock would 
be brought to the ice surface by wind. And finally, we 
cannot exclude the possibility of surging, which could 
produce discontinuities in the ice sequence. Clearly, we do 
not have, at the moment, a firm chronology to propose for 
the ice below 55 m. 

CONCLUSION 

It is evident that climatic information is stored even in 
the marginal zone of the Antarctic ice sheet. The transition 
from the LGM to the Holocene may be documented from 
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the Caroline core as from other marginal ice cores in 
Antarctica, although the corresponding isotopic shifts are 
different from those recorded inland because of the 
influence of ice-sheet thinning and ice flow. The high 
isotopic stage accompanied by larger ice crystals, low bubble 
concentration and low micro particle concentration is 
probably the consequence of a warm period prior to the 
LGM. 

The LGM low temperature found in most of the ice 
cores in the margin of East Antarctica was also 
accompanied by high microparticle concentrations and small 
ice crystals as found in the Dome C and Vostok cores. 
LGM is also characterized by high bubble concentrations 
while warm periods are characterized by low bubble 
concentrations. A quantitative study of the relationship 
between climate and bubbles would appear to be a 
promising approach . 
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